ABSTRACT. 2-Bromopropane (2-BP) causes testicular toxicity in humans and rats. However, the germ cell degeneration of testicular toxicity by 2-BP has not been understood. 2-BP at doses of 135, 405, and 1,355 mg/kg/day was daily injected subcutaneously into SpragueDawley rats for 28 days. At the dose of 1,355 mg/kg/day, 2-BP significantly decreased the weights of body and testes, eipididymis, seminal vesicle, and prostate, as well as daily sperm production. Atrophy of seminiferous tubules accompanied with degeneration of germ cells such as spermatogonia, spermatocytes, and elongated spermatids was observed in the testes of rats exposed to the 405 mg/ kg/day and 1,355 mg/kg/day of 2-BP. TUNEL-positive germ cells were appeared in the 405 and 1,355 mg/kg/day of 2-BP-treated groups. In addition, ultrastructure alterations of apoptotic germ cells were observed by the electron microscopy study. Dead elongated spermatids were observed at 1,355 mg/kg/day after 28 days exposure. These results suggest that 2-BP impair spermatogenesis may result from apoptotic germ cell death.
It was reported that male workers suffered oligozoospermia after chronic exposure to 2-BP in an electronics company [12, 14, 23] . Subsequent studies using experimental animals have confirmed the toxic effect of 2-BP on the reproductive organs, such as testes. An inhalation exposure to 300 or 1,000 ppm of 2-BP for 9 weeks decreased body weight, reproductive organ weight, sperm motility, and the number of epididymal sperm [10, 11] . In addition, severe atrophy of seminiferous tubules and absence of germ cells were also observed in the testes of rats exposed to 2-BP [10, 11, 33] .
A recent study also showed that 2-BP caused necrosis of spermatogonia and spermatocytes in the seminiferous tubules, as well as Leydig cell hyperplasia or hypertrophy in the interstitial tissue [33] . Spermatogonia were damaged by exposure as early as 5 days [22] .
Yu et al. [34] reported, in situ end labeling showed increased numbers of apoptotic oocytes and granulosa cells in primordial follicles at days 5 and 17 after inhalation exposure of 3,000 ppm 2-BP. This result suggested that ovarian dysfunction induced by 2-BP was caused by the destruction of primordial follicle and its oocyte due to the induction of apoptosis in female rats.
However, the mechanism of the germ cell degeneration of 2-BP is poorly understood. Therefore, the aim of this study is to determine the cause of dysfunction of spermatogenesis, and clarify the action mechanism of germ cell death. We examined the qualitative and quantitative characteristics involved in spermatogenesis, testicular atrophy and germ cell degeneration, and examined a possible involvement of apoptosis in the spermatogenic cell death in male rats.
MATERIALS AND METHODS

Animals:
Eighty-eight male Sprague-Dawley (SD) rats (specific pathogen-free, 9 weeks) were purchased from Samyouk Laboratory Animal Center (Osan, Korea). The animals were acclimatized for 1 week under an environmentally controlled room (temperature: 22 ± 3°C, relative humidity: 55 ± 5%, air circulation frequency: 10-12 times/ hr, artificial light: 150-300 Lux from 7 a.m. to 7 p.m.). The eighty-eight male rats were housed in polycarbonate cages and had free access to a pellet diet (Purina Co., Korea) and tap water.
Chemicals and treatment: 2-BP was obtained from Fluka Chemical Co. (U.S.A). The purity of 2-BP was >99% by gas chromatography. A total of 60 rats were divided into 4 groups. There were four experimental groups including one sham control group and three 2-BP-treated groups. According to these data, male rats were daily subcutaneously exposed to 2-BP at the doses of 135, 405, and 1,355 mg/kg/ day for 28 days. This range of dose levels encompassed the highest level used in the Omura et al. [22] , Ichihara et al. [10, 11] , and Yu et al. [34] study to target a dose that caused reproductive tract toxicity. Control rats received corn oil (1 ml/kg/day).
Body and organ weights : The male rats were weighed twice weekly after 6, 12, 18, 24, and 28 days. Five male rats from each group were sacrificed under anesthesia after 7, 14, 21, and 28 days treatment. There were exsanguinated by aortic puncture. At sacrifice, testes, epididymides, seminal vesicles, and prostate were weighed and their weights relative to brain weight calculated.
Daily sperm production: Daily sperm production in right testes of 2-BP treated rats was examined at 14 and 28 days after exposure. Daily sperm production was measured in male rats at 14 and 28 day after exposure as described by Blazak et al. [6] . Briefly, testes were thawed in ice, decapsulated, and homogenized in 50 ml of ice-cold 0.9% NaCl solution containing 0.01% Triton X-100 using a tissue homogenizer (Fisher Scientific, U.S.A.). The homogenate was allowed to settle for 1 min, and then was gently mixed and a 10-ml aliquot was collected into a glass vial and stored on ice. After thorough mixing of each sample, the number of sperm heads was counted by hemocytometer. The number of sperm produced per gram of testicular tissue was calculated according to the following formula: average count of sperm heads from four chambers × square factor (which is 5) × hemocytometer factor (which is 10 4 ) × dilution factor (which is 50) divided by testis weight (g) and the time (days) during spermatogenesis that these cells are resistant to homogenization which is 6.1 days for rats according to Blazak et al. [6] . The data are expressed as the means ± SD.
Histopathological examination: Five rats of each group were sacrificed for examination of histopathological finding at 7, 14, 21, and 28 days. Left testes were fixed in Bouin's solution, dehydrated, embedded in paraffin, transversely cut into 3-µm sections, and stained with hematoxylin and eosin (H&E) or Periodic Acid-Schiff's reagent (PAS). Histopathological evaluation of the testis was performed according to the method described by Creasy [8] and Matsui et al. [17] .
Evaluation of spermatogenesis in the seminiferous tubules: Left testes of 5 rats of each group at 14 and 28 day after 2-BP exposure were fixed in Bouin's solution, embedded in paraffin, sectioned and then stained with Periodic Acid Schiff's reagent (PAS). The numbers of Sertoli cells, spermatogonia (Type A and B), preleptotene spermatocytes, leptotene spermatocytes, zygotene spermatocytes, pachytene spermatocytes, round spermatids, and elongated spermatids were counted at stages II-III, V, VII, and XII in a total of 10 round or ovoid seminiferous tubules [17] . These stages were chosen as representative to include morphologically identifiable stages. Spermatogenic staging evaluation of the testis was performed according to the method described by Takahashi and Matsui [30] and Creasy [8] .
Determination of apoptotic germ cells : In situ detection of individual germ cells with DNA strand breaks in paraffinembedded left testicular sections (5-µm) was achieved by the TUNEL method using an AopoTag-Peroxidase Kit (S7100, Intergen Co.). Briefly, digoxidase-UTP-labeled DNA was detected with anti-digoxigenin-peroxidase antibody followed by peroxidase detection with 0.05% diaminobenzidine (DAB) and 0.02% hydrogen peroxide. Sections were counter stained with 0.5% methyl green [1, 3, 31] .
The apoptotic germ cells were determined by the dark brown staining (DAB stained) patterns of nucleus. The number of apoptotic germ cells was counted in 200 randomly selected seminiferous tubules of five animals testis cross sections from each of the time points (0, 1, 2, 3, and 4 weeks). The incidences of apoptotic cells were then categorized into either of four groups defined as 1-3, 4-6, 7-9, or ≥ 10 positive cells per tubule, respectively [24] . A total of seminiferous tubule cross sections was analyzed for each animal and data were expressed as percentages of total.
Electron microscopic examination: The testes of 2 rats of high dose group were sacrificed for examination of germ cell death type in electron microscopy at 7, 14, 21, and 28 day after exposure. The testes were fixed by perfusion via the abdominal aorta as follows. The animals were anesthesized with ethyl ether, and a polyethylene tube was inserted into the aorta through the left ventricle of the heart [9] . After an initial flush with cacodylate-buffered saline for about 1 min, a mixture of 0.1 M cacodylate-buffered 2% paraformaldehyde and 2.5% glutaraldehyde (PH 7.4) was perfused at room temperature for 30 min. Perfusion was carried out at a pressure of 700-800 mmH 2 O. After fixation, the testes were removed and weighed, and then small blocks of them were fixed with 0.1 M cacodylate buffered 1% osmium tetroxide and embedded in epoxy resin (Fluka, Chemical Co., U.S.A.) [4, 26, 29] . Semithin sections were stained with toluidine blue and observed with a light microscope. Ultrathin section stained with uranyl acetate and lead citrate were prepared from a representative area and observed with a transmission electron microscope (JEOL, JEM-100CX).
Statistical analysis : All of the quantitative data, calculated as a percentage of total were expressed as the mean ± SD. Significantly differences between groups (p<0.05) were determined using the Duncan's multiple range test after single factor analysis of variance.
RESULTS
Body weight and organ weight : Body weight gain was suppressed in a dose-dependent manner by 2-BP exposure ( Fig. 1) . At the dose of 405 or 1,355 mg/kg/day after 28 days treatment, 2-BP significantly decreased the weights of body, compared to the control group. But low dose of 135 mg/kg/day did not significantly decrease the body weights compared to the control group.
At the dose of 1,355 mg/kg/day of 2-BP after 14 days treatment, absolute organ weights of the testes were significantly decreased, but other organ weights were not decreased ( Table 1 ). The absolute and relative organ weights of the testes, epididymides, seminal vesicles, and prostate were also significantly decreased at the dose of 1,355 mg/kg/day of 2-BP after 28-day treatment. In addition, the relative organ weight of seminal vesicles was significantly decreased at the dose of 405 mg/kg/day ( Table 2) . The body and organ weights data at 7 and 21 days are not shown.
Daily sperm production: At all doses, the treatment with 2-BP for 14 days, did not significantly decrease daily sperm production (Table 3) . However, at the dose of 405 or 1,355 mg/kg/day after 28 days treatment with 2-BP, daily sperm production in testes was significantly decreased, compared to the control (Table 3) .
Histopathological examination : The testicular lesions following 2-BP exposure are summarized in Tables 4 and 5 . Values represent the mean ± SD. *, Significantly different from the control (P<0.05). tubules were significantly low, compared to the control (Tables 6 and 7) . However, the lowest dose of 135 mg/kg/ day of 2-BP for 14 and 28 days did not affect the spermatogenic germ cells in the testes (Tables 6 and 7) . Evaluation of apoptotic germ cells : TUNEL-positive apoptotic germ cells (dark brown) was investigated by the in situ TUNEL staining (Fig. 3) . At the dose of 405 or 1,355 mg/kg/day, 2-BP evidently induced TUNEL-positive cells in seminiferous epithelium. At the dose of 405 mg/kg/day, the TUNEL-positive cells were time-dependently increased (Fig. 4A) . The apoptotic germ cells were the most frequently detected at the dose of 1,355 mg/kg/day on week 2 ( Fig. 4B) . However, at the dose of 1,355 mg/kg/day on week 3 or 4, the TUNEL-positive cells were slightly decreased, compared to week 2 (Fig. 4B) .
Electron microscopic observations: Electron microscopic examination was performed the marked nuclear chromatin condensation, cytoplasmic condensation, and preservation of the integrity of organelles in the treatment of 2-BP with the highest dose of 1,355 mg/kg/day for 14 days (Fig. 5) . The exposure to 2-BP for 14, 21, and 28 days caused degeneration of many round spermatids and elongated spermatids. The dead elongated spermatids were observed in the seminiferous epithelium on day 21 or 28 at the dose of 1,355 mg/ kg/day (Fig. 6) . However, germ cell alternation was not observed on day 7. No. examined 
DISCUSSION
Kim et al. [13] reported that the workers in a Korean electronic company were exposed to 2-BP with more than 4,000 ppm as a short-term exposure. Ambient concentrations of 2-BP were from 9.2 ppm to 19.6 ppm in the workplace during regular operation after improvement of ventilation. Therefore, Ichihara et al. [11] reported that the real exposure concentrations were not evaluated in the field survey, but 300 ppm to 3,000 ppm exposure could have been possible in the The range of doses 135-1,355 mg/kg/day in this study used in the Omura et al. [22] , Ichihara et al. [10, 11] , and Yu et al. [34] study to target a dose that caused reproductive tract toxicity. Dosage of 2-BP at 135, 405, and 1,355 mg/ kg/day exposure level is calculated to be approximately 100, 300, and 1,000 ppm of inhalation exposure [22] .
The electronic factory workers in Korea did not use personal protective devices such as gloves and masks to treat cleaning bath, resulting in skin contact with the solvent. In addition, they often dipped a glass of the cleaning solution from the bath by hand [23] . Therefore, absorption through the cutaneous respiration may also be responsible for the uptake of 2-BP into the human body, but this was not investigated in the present study. Therefore, a subcutaneous exposure would be applied in this study.
Daily sperm production parameter in the testis can be used as a valid assay of spermatogonia survival for cytotoxic agents [18] . Sperm production is still reduced at 56 days after treatment with chemicals that kill spermatogonia . Electron micrographs of apoptotic pachytene spermatocyte from exposed to dose of 1,355 mg/kg/day 2-BP at 14 days. The apoptotic pachytene spermatocytes showed characteristic marked nuclear chromatin fragment, cytoplasmic condensation and preservation of the integrity of organelles. [16] . At the dose of 405 and 1,355 mg/kg/day, daily sperm production in the testis for 28 days exposure was significantly decreased compared to the control. In addition, testis and epididymis weight were significantly decreased at the dose of 1,355 mg/kg/day on day 28. These results suggest that the 2-BP treatment may be induced the testicular spermatogenic functional changes. In this study, the numbers of spermatogonia, preleptotene spermatocytes, pachytene spermatocytes, zygotene spermatocyte, round spermatids, and elongated spermatids were significantly decreased in the seminiferous tubules at the stages II-III, V, VII and XII at the dose of 405 or 1,355mg/ kg/day on day 28. The toxicity of 2-BP primarily targets to spermatogonia [21, 22] . Spermatogonia represent the first stage of differentiation in spermatogenesis and are located just above the basement membrane of the seminiferous tubules. In this study, the differentiating spermatogonia are the primary target for 2-BP. Duration of one cycle of the seminiferous epithelium is about 12.9 days (310.9 h) in rats [7] . In this study, the exposure of 28 days corresponds approximately 2 cycles of spermatogenesis stage. Therefore, the developing germ cell types in the seminiferous epithelium were affected for 2-cycle spermatogenic stage. In Fig. 2 , the germ cells such as spermatogonia and spermatocytes in the basal epithelium were first degenerated, following the vacuolization of the Sertoli cells. In addition, the germ cells damaged by 2-BP were changed gradually into adluminal epithelium shapes. These findings suggest that 2-BP exposure cause the loss of the spermatogonia, spermatocytes, and elongated spermatids in a time-dependent manner.
The exposure to 2-BP caused atrophy of seminiferous tubules, degeneration of germ cell, vacuolization of Sertoli cells, multinuclear giant cell, and Sertoli cell only tubules in testis at the dose of 1,355 mg/kg/day (Fig. 2) . If all spermatogonia are destroyed, the "Sertoli only" change occurs and it results in long-term and possibly permanent sterility [18] . In this study, "Sertoli only" change occurred and the atrophy noted in the seminiferous tubules was focally, so that at least some of the germ cell might be survived for the 2-BP treatment period. According to Ichihara et al. [10, 11] and Yu et al. [33] , atrophy and Sertoli cell only seminiferous tubule were observed in 2-BP-treated male rats. The presence of "Sertoli only" seminiferous tubules on day 21 or 28 after the treatment may be associated with permanent sterility. The non-reversibility of spermatogenic disorders is a point of crucial importance in estimating the testicular effects of 2-BP under an occupational exposure level.
Recent studies have demonstrated that some testicular toxicants cause apoptosis in spermatogenic cells [2, 5, 15, 24, 28, 31] . Apoptosis has recently attracted much attention as a widely documented physiological process by which cells die in a controlled fashion, either spontaneously or in response to changes in the level of specific physiological stimuli [27, 32] . Germ cell degeneration in the mature mammalian testis occurs both spontaneously during normal spermatogenesis and in response to various environmental agents such as exposure to cytotoxic drugs and chemicals [2] . In situ analysis of TUNEL-positive of the germ cells showed that the germ cell degeneration in adult rats exposed to 2-BP might be due to apoptotic cell death. By the in situ analysis, we demonstrated that the bulk of germ cells undergo apoptosis during 2-BP exposure. On day 14, apoptotic germ cells were significantly higher than the control. In this study, the dramatically increase in germ cell apoptosis was identified as early as 2 weeks, compared to the 3 or 4 weeks following 2-BP treatment. With increasing exposure time, apoptotic germ cells was decreased. Blanchard et al. [5] reported that apoptosis is a relatively rapid mechanism of cell death. Therefore, it is possible that this apoptotic germ cell mechanism produces the increased germ cell death by the early day and low dose of toxicant exposure.
Most of the spermatogenic cell death induced by 2-BP treatment had characteristics of apoptosis. Electron microscopically, some spermatocytes showed early morphological characteristics of apoptosis. 2-BP produced pathognomonic alterations in the germ cell structure of male rats. A pathway to apoptosis might be associated with the 2-BP-induced spermatogenic cell death.
In conclusion, 2-BP caused a testicular atrophy in male rats. The testicular atrophy may be due to cell death, exfoliation of spermatogenic cells in rats. In addition, apoptosis may be involved in spermatogenic cell death and is considered to be a significant determinant in loss of spermatogenic cells in the testis of adult rats after exposure to 2-BP.
